Cell-free hemolymph (serum) of the eastern oyster, Crassostrea virginica, agglutinated Vibrio 
The genus Vibrio contains species of bacteria that have a dynamic role in estuarine and marine environments. Because they are frequently isolated from water, sediment, plankton, invertebrates, and fish, they can be considered autochthonous marine and estuarine microflora (15, 25, 30) . Indeed, laboratory experiments show that physicochemical growth requirements of Vibrio spp. are similar to conditions of marine and estuarine environments (23, 28, 29, 31) . Although much is known about how Vibrio spp. respond to changes in chemical and physical parameters of water, very little is known about their interaction with aquatic biological flora.
More than 10 Vibrio species, including Vibrio cholerae, V.
vulnificus, and V. parahaemolyticus, are pathogenic to humans (4, 5, 18) . Epidemiological data indicate that vibrio diseases may occur after contact with contaminated seawater and seafood, particularly after ingestion of raw oysters (4, 5, 18, 21) . This implies that vibrios may be part of the normal flora of oysters and, after consumption, become pathogens in human tissues. Although various investigations have enumerated pathogenic Vibrio spp. in homogenates of oyster meats (10, 11, 17, 30) , few reports detail their interactions with specific shellfish tissues. Various oyster defense mechanisms may affect Vibrio spp. and limit their adherence to and invasion of tissues. These defense mechanisms include phagocytosis and encapsulation by hemocytes and humoral factors such as hydrolytic enzymes and agglutinins (8, 12) . Agglutinins are serum lectins (multivalent, nonimmunoglobulin proteins of plant or animal origin) that agglutinate cells by binding with carbohydrates on cell surfaces (6, 27) . They have been found in the hemolymph of a variety of invertebrate phyla (9, 24) and have been described in the marine bivalves Mytilus californianus (California mussel) (3), Mercenaria mercenaria (hard clam) (1) , and Tridacna maxima (clam) (2) and the oysters Crassostrea virginica (eastern oyster) (22, 32) and C. gigas (Pacific oyster) (16) .
Vertebrate erythrocytes (RBCs) possessing specific anti-* Corresponding author.
genic determinants have been used to measure titer, specificity, and opsonic activity of agglutinins for selected marine bivalves (16, 32, 34) . Even though studies with RBCs have provided much information on agglutinin content and specificity, there have been few attempts and relatively little success in associating bivalve agglutinins with marine bacteria (1, 3, 32) . We investigated whether serum of the eastern oyster, C. virginica, would agglutinate common estuarine and marine bacteria, including various pathogenic Vibrio species. Data indicated that oyster serum contains factors that specifically agglutinate V. cholerae, an estuarine bacterium that is also pathogenic to humans.
MATERIALS AND METHODS
Bacteria and culture. Selected bacterial strains were tested for agglutination by cell-free oyster serum (Table 1) . Before the assay, bacteria were cultured on tryptic soy agar (Difco Laboratories, Detroit, Mich.) supplemented with 1% NaCl. After 1 day of growth at 37°C, bacteria were suspended in phosphate-buffered saline (PBS; 5.0 mM Na2HPO4, 1.5 mM KH2PO4, 0.13 M NaCl), pH 7.4, at approximately 109 CFU/ml. For some experiments, bacteria were treated with 1 to 2% formaldehyde for 15 min at room temperature, washed, and suspended in diluent. Experiments determined that formaldehyde fixation did not affect bacterial agglutination (BA).
Oyster collection and monitoring. Eight separate stocks of C. virginica along the Atlantic and Gulf coasts were collected from spring 1988 to winter 1989 (Table 2) . Oysters were kept on ice during transport to the laboratory, where their shells were notched with a grinding wheel and a 22-gauge needle was inserted into the adductor muscle to withdraw hemolymph (serum) (13) . Serum was centrifuged at 10,000 x g for 3 min to remove blood cells (hemocytes). The supernatant fluid was kept cold (4°C) and, within 1 say, microdilution plates were incubated sequentially at 25°C for 1 h each with PBS containing 1% bovine serum albumin (Sigma), monoclonal antibody 4AG6 (7), and horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (Organon Teknika, Malvern, Pa.). Developing substrate was 1.0 mg of 2,2'-azino-bis(3-ethyl-benz-thiazoline-6-sulfonic acid) (Sigma) per ml in 0.5 M citric acid, pH 4. RESULTS BA. Oyster serum was tested for agglutination of 70 bacterial strains, including 14 genera and 26 species (Table  1) . Serum agglutinated only V. cholerae. All 13 strains of V. cholerae 01 were agglutinated, including known biotypes (classical and El Tor) and two serotypes (Inaba and Ogawa). V. cholerae N8246 was the only non-O1 strain that agglutinated in serum.
Oyster monitoring. BA titers showed high individual variability (40 to 100%) in all oysters collected ( Table 3 ). The highest titers were found for CXF (laboratory-selected stock resistant to MSX, a disease of oysters) (14) and the lowest were found for AL (native stock from Mobile Bay, Ala.). Of 32 TAl oysters collected on 5 May 1988, 6 exhibited no discernible agglutination of V. cholerae CA401 (Table 3) , whereas the remaining 26 oysters had an average agglutination titer of 54.5 (standard error, 1.2). Average titers + standard error for these six oysters were 1.4 + 1.3 (n = 6), 2.0 + 0 (n = 6), and 5.3 ± 1.3 (n = 5) on 3 June, 8 July, and 15 September 1988, respectively. Remaining oysters averaged 51.7 ± 1.4 (n = 26), 21.9 ± 1.1 (n = 22), and 211.9 ± 1.5 (n = 11) on the same dates (data not shown).
Physical and biochemical characterizations. The serum component involved in BA was resistant to 56°C, but sensitive to 80°C ( The component(s) of oyster serum involved in BA activity was sensitive to pronase ( Table 4 ). The BA titer was reduced from 128 to <2; the HA titer was reduced from 65,536 to 4. However, treatment of V. cholerae CA401 with pronase did not markedly affect agglutination by untreated oyster serum. V. cholerae CA401 cells pretreated with neuraminidase were not agglutinated by oyster serum (Table 4) . Although bacterial agglutination was not observed for serum containing more than 6.25 mM EDTA (Table 4) , it was active over a wide range of pH (Table 4) . Maximum (+4) agglutination occurred from pH 3 to 11. No BA was observed at pH 1 to 2 and 12 to 13. Control preparations showed that V. cholerae CA401 cells were lysed at pH values of >12. In vitro assay salinities of 24 and 30%oo exhibited serum BA titers of 64, whereas lower salinities (6, 12, and 18%oo) exhibited titers of 16 (Table 5) .
HA. Human (0+ and A+), mouse (BALB/c), and sheep RBCs were agglutinated by oyster serum. A survey of 20 TAl oysters showed that HA titers to human O+ RBCs ranged from <4 to 2,048 (x, 12.1; standard error, 1.8; n, 20).
Cross-adsorption assays. TAl oyster serum preincubated with O+ RBCs had no observable HA titer, and the BA titer was reduced 50% (Table 5) . After serum was incubated with V. cholerae CA401, the titer for BA was eliminated and the HA titer was not reduced.
Agglutination inhibition. Mucin and fetuin totally inhibited BA activity of V. cholerae CA401 by TAl oyster serum (Table 6) at concentrations of 31 ,ug/ml and 10 mg/ml, respectively. NANA displayed +1 inhibition at 10 mg/ml, the highest concentration tested. N-Acetyl-mannosamine (10 mM) , N-acetylglucosamine (10 mM), N-acetyl-D-galactosamine (10 mM), colominic acid (10 mglml), fetuin (49 ,ug/ml), and mucin (1.2 ,ug/ml) inhibited agglutination of human O+ RBCs (Table 6) .
Bacterial survival in oyster serum. V. cholerae CA401 and V. vulnificus 27562 numbers were not reduced when incu- (22, 35) . It is not known whether serum hemagglutinins can also agglutinate bacteria.
In the present study, HA of human O+ RBCs was inhibited by fetuin, mucin, N-acetylmannosamide, N-acetylglucosamine, N-acetyl-D-galactosamine, and colominic acid. These results differ from those of Vasta et al. (35) , who reported that N-acetylglucosamine and colominic acid did not inhibit agglutination at concentrations of 200 nM and 1% (wt/vol), respectively. These differences may reflect variations in oyster sera, RBCs, or different laboratory procedures.
The role of bacterial agglutinins in oysters and other invertebrates is not clear. Invertebrate serum lacks immunoglobulins, but the binding specificity and ubiquitous nature of lectins may provide the self-and nonself-recognition necessary for internal defense (9, 24a) . Agglutination could also immobilize invading microorganisms and potentiate their phagocytosis. Incubation of nonself particles with serum or agglutinin (opsonization) has been shown to enhance phagocytosis in invertebrates (19, 26, 33) , even when the particles were themselves not agglutinated (16, 34 
